The generation of robust T-cell-dependent humoral immune responses requires the formation and expansion of germinal center structures within the follicular regions of the secondary lymphoid tissues. B-cell proliferation in the germinal center drives ongoing antigen-dependent selection and the generation of highaffinity class-switched plasma and memory B cells. However, the mechanisms regulating B-cell proliferation within this microenvironment are largely unknown. Here, we report that cyclin D3 is uniquely required for germinal center progression. Ccnd3 ؊/؊ mice exhibit a B-cell-intrinsic defect in germinal center maturation and fail to generate an affinity-matured IgG response. We determined that the defect resulted from failed proliferative expansion of GL7 ؉ IgD ؊ PNA ؉ B cells. Mechanistically, sustained expression of cyclin D3 was found to be regulated at the level of protein stability and controlled by glycogen synthase kinase 3 in a cyclic AMP-protein kinase A-dependent manner. The specific defect in proliferative expansion of GL7 ؉ IgD ؊ PNA ؉ B cells in Ccnd3 ؊/؊ mice defines an underappreciated step in germinal center progression and solidifies a role for cyclin D3 in the immune response, and as a potential therapeutic target for germinal center-derived B-cell malignancies.
The T-cell-dependent (TD) adaptive immune response is typified by the generation of high-affinity antigen (Ag)-specific memory B cells and antibody-secreting plasma cells (PCs) that have undergone class switch recombination (CSR) to IgG or IgE isotypes. The generation of these cells has long been known to occur in secondary lymphoid tissues within the unique microenvironment of the germinal center (GC). After Ag binding and activation via the B-cell receptor complex (BCR), B cells migrate to the T-cell zone, where additional costimulation is provided by cognate helper T cells. A cohort of these activated B cells go on to colonize GCs, which upon maturation represent an oligoclonal expansion of Ag-specific B cells (14, 18) .
Within the GC, B cells undergo rapid proliferative expansion in response to Ag bound by follicular dendritic cells (FDCs). In humans, histological examination of the GC reveals distinct dark and light zones defined by the presence of proliferating centroblasts and largely nonproliferating centrocytes, respectively. Evidence suggests that centroblasts represent early GC cells that undergo somatic hypermutation (SHM), CSR and proliferative expansion, while centrocytes undergo affinity-based selection and differentiation events, leading to commitment to the memory or PC sublineages and exit from the GC. Although the organization of the GC is less distinct in mice, recent work has shown that chemokine-directed migration, FDC interaction, and proliferation may distinguish early and late GC B cells (1) . Despite significant advances in understanding GC B-cell differentiation using multiparameter flow cytometry and intravital imaging, the initial colonization of GC "founder" B cells and their subsequent proliferative expansion is not well understood.
Rapid proliferation is a defining characteristic of GC B cells. Therefore, understanding how proliferation is regulated within the GC will provide insight into associated differentiation and selection events. In eukaryotic cells, cell cycle progression is regulated by four broad categories of proteins: cyclins, cyclindependent kinases (CDKs), pocket proteins or retinoblastoma proteins (pRBs), and the WAF/CIP and INK4 families of CDK inhibitors. These proteins regulate the cell cycle at different phases. The enabling checkpoint, known as the restriction point, is at the G 1 /S boundary and is regulated by the D-type and E-type cyclins. Specifically, D-type cyclins regulate G 1 progression and E-type cyclins regulate the G 1 /S transition. Extracellular mitogenic signals induce transcription of three isoforms of D-type cyclins (D1, D2, and D3). D-type cyclins pair with CDK4/6 to facilitate pRB phosphorylation, leading to its degradation and the release and activation of transcription factors, including E2F. Thus, D-type cyclins are key mediators connecting extracellular signals and G 1 -phase progression.
Normal B cells induce expression of both cyclin D2 and D3 (but not cyclin D1) upon stimulation by mitogenic and prosurvival factors (28, 35) , and studies conducted by multiple groups suggest that cyclin D2 and D3 play nonredundant roles during B-cell development and activation (7, 16, 19, 20, 22, 36) . B-cell development in cyclin D2-deficient (Ccnd2 Ϫ/Ϫ ) animals is relatively normal, with the exception of B1-cell development, and Ccnd2 Ϫ/Ϫ B cells show reduced proliferation and delayed Sphase entry in response to BCR ligation (7, 16, 36) . In addition, cyclin D3 may be overexpressed in a compensatory fashion in Ccnd2 Ϫ/Ϫ B cells (16) . In contrast, recent work has shown that cyclin D3 is important for early B-cell proliferation and maturation, a process relying on pre-BCR signaling, whereas cyclin D2 was dispensable (7) . In the periphery, histological analyses showed that GCs in human lymphoid tissues express cyclin D3 (38, 39) . Together, this body of work suggests that cyclin D2 and D3 exert both overlapping and distinct stage-specific roles in B-cell development.
The findings presented here focus on the role of cyclin D3 in the TD immune response. We provide the first direct evidence that B cells critically require cyclin D3 for GC-dependent highaffinity TD immune responses. This outcome is dictated by a requirement for cyclin D3 in the proliferative expansion of IgD Ϫ GL7 ϩ mature GC B cells and the generation of IgG ϩ cells derived from this subset. We also show that cyclin D2 is regulated at the level of transcription and is repressed in GC B cells, correlating with BCL6 expression, whereas cyclin D3 is regulated at the level of protein stability via the cyclic AMP (cAMP)/protein kinase A (PKA)/glycogen synthase kinase 3 (GSK3) signaling cascade.
performed as follows: after surface staining, cells were fixed with Cytofix/Cytoperm (BD Biosciences) and washed and permeabilized with permeabilization buffer (eBioscience), followed by permeabilization with 0.01% Triton X-100 (Sigma). The cells were fixed again and treated with 300 g/ml of DNase I (Sigma). The cells were then stained with fluorescence-labeled anti-BrdU (Invitrogen). Prior to acquisition, the cells were resuspended in buffer containing 7-amino-actinomycin D (7AAD) for staining of total DNA content. Enzyme-linked immunosorbent assay (ELISA). Polystyrene plates were coated with NP 4 -bovine serum albumin (BSA) or NP 23 -BSA, followed by blocking with BSA. Dilutions of serum collected at the indicated time points were added followed by detection using anti-IgM or anti-IgG coupled to AP. PNPP was added and absorbance was measured at 405 nm.
Germinal center sorting. At 5 days postimmunization, the animals were sacrificed, and single cell suspensions were prepared from spleens by physical dissociation between glass slides. Cells were pooled and red blood cells were removed by hypotonic lysis. Between 10 and 90% of the total splenocytes were used for non-GC B-cell and GC B-cell sorting, respectively. The cells were labeled with a biotin-conjugated antibody cocktail, including anti-CD43 (BD Bioscience), anti-CD11c (eBioscience), and anti-GL7 (eBioscience) for non-GC or anti-CD43 (BD Bioscience), anti-CD11c (eBioscience), and anti-IgD (eBioscience) for GC. Target cells were purified by depletion of labeled nontarget cells using anti-biotin microbeads and LS columns (Miltenyi Biotech) according to the manufacturer's recommended protocol.
Reverse transcription-PCR (RT-PCR). Total RNA was purified from ϳ10 6 cells using NucleoSpin RNA II columns (Macherey-Nagel), according to the manufacturer's protocol. cDNA synthesis was performed using an Advantage RT-for-PCR kit (Clontech) with oligo(dT) primer. PCR was carried out with a serial dilution of cDNA using D2 forward (5Ј-TTC ATT GAG CAC ATC CTT CG-3Ј) and D2 reverse (5Ј-ATG CTG CTC TTG ACG GAA CT-3Ј) or using D3 forward (5Ј-CGC CCC TGA CTA TTG AGA AG-3Ј) and D3 reverse (5Ј-ATC CGC AGA CAT AGA GCA GG-3Ј) primers (IDT). Inhibitor studies and Western blot analysis. A total of 10 6 freshly isolated cells were cultured in 1 ml of RPMI 1640 containing 10% FBS and 10 M H-89 dihydrochloride (Calbiochem), 10 M LY294002 (Calbiochem), 10 mM LiCl (Sigma), or 100 M N 6 ,2Ј-o-dibutyryladenosine 3Ј,5Ј-cyclic monophosphate (Sigma), as indicated. At the indicated time points, cells were collected, wholecell lysates were prepared, and equivalent cell numbers were resolved by SDS-PAGE. Where indicated, whole-cell lysates prepared from 24 h lipopolysaccharide (LPS)-stimulated CD43-negative B cells were used as a positive control. Western blotting and immunodetection were conducted with the following antibodies, followed by the appropriate horseradish peroxidase-labeled secondary (Jackson Immunoresearch): cyclin D2 (M-20) (Santa Cruz Biotechnology), cyclin D3 (DCS22), and phospho-GSK-3␤ (5B3) (Cell Signaling Technology). ␤-Actin, Erk, or Akt was used as a loading control.
RESULTS
To directly assess the requirement for cyclin D3 during the adaptive immune response, we immunized WT and cyclin D3-deficient (Ccnd3 Ϫ/Ϫ ) animals with the TD Ag NP-KLH. At 10 days postimmunization, the presence of GCs was assessed by flow cytometry. Ccnd3 Ϫ/Ϫ animals were found to have an ϳ4-fold reduction in CD95 ϩ GL7 ϩ GCs as a proportion of B220 ϩ B cells (Fig. 1A and B) , indicating that cyclin D3 is required for the GC response and that cyclin D2 cannot compensate for its loss.
Since Ccnd3 Ϫ/Ϫ animals lack cyclin D3 in all tissues and it has been shown to play a role in early T-cell development (34), we could not conclude that the GC B-cell defect observed in Ccnd3 Ϫ/Ϫ animals was B cell intrinsic. This issue was addressed by using chimeric animals generated by reconstituting sublethally irradiated B-cell-deficient MT mice with bone marrow from WT (Fig. 1) . The dramatic reduction of GCs observed at the peak of the response could have resulted from reduced entry of B cells into the GC or from a failure of these early GC founder cells to properly expand and mature. To distinguish between these possibilities and to more clearly elucidate the role of cyclin D3 in the GC, we incorporated sheep red blood cell (SRBC) immunizations. The SRBC-induced GC response has well-defined kinetics and the added benefit of eliciting a more robust TD response than haptencarrier immunization. The intensity of the SRBC response allows for better resolution of poorly defined subsets of cells within the GC and the ability to distinguish early GC cells from late/mature GC cells. We first confirmed that the GC defect observed in NP-KLH-immunized Ccnd3 Ϫ/Ϫ animals was mirrored using SRBCs. WT and Ccnd3 Ϫ/Ϫ mice were immunized with SRBCs and analyzed at the peak (day 7) of the immune response. Relative to WT controls, Ccnd3 Ϫ/Ϫ animals were found to have a 10-fold reduction in CD95 ϩ GL7 ϩ GCs as a proportion of B220 ϩ B cells ( Fig. 2A and B), affirming that cyclin D3 is required for robust GC responses. In addition to formally addressing the contribution of cyclin D2 to GC formation, we also immunized Ccnd2 Ϫ/Ϫ mice, which produced a robust GC response that was indistinguishable from WT mice (data available upon request). Thus, GC maturation is a cyclin D3-dependent process that does not require cyclin D2.
All GC B cells bind PNA beginning at the earliest stages of GC formation (33) . We used this parameter as a means to determine whether the observed GC defect was a result of reduced early entry of B cells into the GC response. WT and Ccnd3 Ϫ/Ϫ mice were immunized with SRBCs and examined at the initiation of the GC response (day 4 to 5) by flow cytometry (Fig. 2 ) and histology (data available upon request). Although Ccnd3 Ϫ/Ϫ animals had a 40 to 50% reduction in PNA ϩ GC B cells as a percentage of total lymphocytes, the proportion of PNA ϩ B cells was unaltered in Ccnd3 Ϫ/Ϫ animals ( Fig. 2C and D). This observation was not surprising since it has been previously reported that Ccnd3 Ϫ/Ϫ mice have a reduction in peripheral B cells resulting from defects in early B-cell development (7). However, the presence of normal numbers of PNA ϩ
GC B cells as a proportion of total B220
ϩ B cells at this time point ( Fig. 2C and D) suggests that cyclin D3 is not required for GC initiation. This interpretation is further supported by the identification of proliferating (Ki67ϩ) PNA ϩ cells in the GC at this stage (data available upon request).
Since Ccnd3 Ϫ/Ϫ mice have an intact PNA ϩ GC B-cell compartment early in the response but display a dramatic reduction in CD95 ϩ GL7 ϩ B cells at the peak of the response, we sought to better understand the changes that occur during GC expansion to define the role of cyclin D3 in this process. Although GL7 is commonly used as a marker for GC B cells, it has been shown that 30 to 40% of PNA ϩ GC B cells are GL7 
(E and F) WT (F) and Ccnd3
Ϫ/Ϫ (OE) animals were immunized i.p. with SRBCs, and GC maturation, as indicated by GL7 and IgD profile of PNA ϩ B cells, was assessed by flow cytometry 4, 7, and 10 days postimmunization. The data shown represent two independent experiments with three to five animals per group (A to D) or three animals per group (E and F) per time point. Graphs show means and SEM, along with the P value, as determined by using an unpaired t test. (23, 33) and that this subset may represent the initial expansion of the cohort of B cells that seed the GC (17) . It has also been shown that the proportion of IgD ϩ cells in the GC may fluctuate throughout the response, a finding consistent with ongoing CSR (33) . Although GL7 and IgD have been useful markers to costain GC B cells, they have not been used in conjunction with the pan-GC marker PNA to resolve subsets of B cells during maturation of the GC response. Therefore, we incorporated PNA, GL7, and IgD staining to elucidate the stage at which cyclin D3 expression becomes necessary to drive GC B-cell proliferation. WT and Ccnd3 Ϫ/Ϫ mice were immunized with SRBCs, and GC maturation was assessed at multiple time points postimmunization using GL7, PNA, and IgD ( Fig. 2E and F 
GL7
Ϫ early GC B cells ( Fig. 2E and F) . However, Ccnd3
animals showed a dramatic 2-to 3-fold reduction in the proportion of IgD Ϫ GL7 ϩ GC B cells ( Fig. 2E and F) . Accordingly, the population of IgD ϩ GL7 Ϫ early GC B cells was overrepresented by ϳ2-fold at the peak of the response in Ccnd3 Ϫ/Ϫ mice. Thus, Ccnd3 Ϫ/Ϫ mice can initiate a GC response, but the response fails to mature.
The failure of Ccnd3 Ϫ/Ϫ mice to generate mature GCs may derive from defective proliferative expansion of GC B cells during the course of maturation. To address this possibility, we measured in vivo proliferation within the GC B-cell subsets.
WT and Ccnd3
Ϫ/Ϫ mice were immunized with SRBCs and administered BrdU for 6 to 7 h at 5 days postimmunization. Flow cytometric analysis revealed a 2-to 3-fold reduction in the percentage of BrdU ϩ proliferating B220 ϩ B cells in Ccnd3 Ϫ/Ϫ mice ( Fig. 3A and B upper panels). Subsetting of BrdU ϩ B cells using IgD and GL7 markers showed a similar subset distribution as the PNA ϩ GC population in untreated mice ( Fig. 2 and 3A and B, lower panels). This finding indicates that both early and more mature GC B cells proliferate in WT animals and that proliferation is not uncoupled as GC B cells mature.
To determine whether cyclin D3 is required for the proliferative expansion of more mature GC B cells, we assessed in vivo proliferation and cell cycle progression in the IgD Ϫ GL7 ϩ subset. In Ccnd3 Ϫ/Ϫ mice, 2-to 3-fold fewer mature GC B cells incorporated BrdU during the labeling period ( Fig. 3C and D , upper panels). Consistent with this result, we observed, in Ccnd3 Ϫ/Ϫ mice, that 2-to 3-fold fewer mature GC B cells were in cell cycle, as measured by 7AAD staining of DNA content ( Fig. 3C and D, lower panels) . The percentage of subdiploid (apoptotic/necrotic) IgD Ϫ GL7 ϩ cells was not increased in Ccnd3 Ϫ/Ϫ mice 14 days postimmunization relative to controls. These data confirm that cyclin D3 is required specifically in IgD Ϫ GL7 ϩ mature GC B cells for cell cycle progression and proliferative expansion, defining a previously unappreciated stage in the expansion and maturation of the GC response.
It is known that both the processes of CSR and PC differentiation are intimately linked to proliferation (12, 21) . Therefore, we sought to determine the impact of a B-cell-intrinsic GC defect on humoral immunity. bWT and bCcnd3 Ϫ/Ϫ mice were immunized with NP-KLH. Total Ag-specific (NP 23 ) IgM and IgG were measured in sera collected 7 and 14 days postimmunization (Fig. 4A) . NP-specific IgM and IgG antibody responses were generated in Ccnd3 Ϫ/Ϫ animals, suggesting that cyclin D3 is dispensable for initial CSR, PC differentiation, and antibody secretion. This finding was unexpected given the recent study demonstrating a role for cyclin D3 in pre-BCR mediated proliferation during early B-cell development (7) but is consistent with our observation that initiation of the GC response is intact in Ccnd3 Ϫ/Ϫ mice. Our data also highlight a functional distinction between pre-BCR signaling and Ag-induced BCR signaling on mature B cells and complements previous reports that implicate cyclin D2 as the critical D-type cyclin downstream of BCR activation (6) .
Proliferation within the GC is known to be required for affinity-matured humoral immunity (40) . However, resolution of the proliferative compartment of the GC response has not been achieved. Given the dramatic defect in GC maturation observed in Ccnd3 Ϫ/Ϫ mice, we hypothesized that affinity maturation may be altered in these animals. High-affinity (NP 4 ) and total (NP 23 ) Ag-specific antibodies were compared as a measure of affinity maturation. Strikingly, affinity maturation was ablated in Ccnd3 Ϫ/Ϫ mice (Fig. 4B ). To characterize this defect at the cellular level, we quantified the generation of IgG class switched cells from GL7 Ϫ and GL7 ϩ PNA ϩ GC B cells in bWT and bCcnd3 Ϫ/Ϫ mice by flow cytometry. Although there was no alteration in the proportions of GL7 Ϫ IgG1 ϩ GC B cells in bCcnd3 Ϫ/Ϫ mice, a dramatic 10-fold reduction in GL7 ϩ IgG1 ϩ cells was observed ( Fig. 4C and D) . These data not only indicate that B cells require cyclin D3 for the process of affinity maturation but, taken together with the observed defects in GC B-cell subset, suggest that high-affinity B-cell clones are derived from the IgD Ϫ GL7 ϩ pool. Given previous work indicating that both cyclin D2 and cyclin D3 are induced in B cells upon stimulation with diverse mitogenic stimuli, it is surprising that cyclin D3 would have such a profound role in the GC. This requirement could be a result of functional differences between cyclin D2 and cyclin D3, or a result of distinct expression patterns. To discriminate between these possibilities, we designed a novel magnetic bead separation scheme that would allow for the purification of "untouched" mature GC and non-GC B cells from the spleens of immunized mice. Using this scheme, we attained GC and non-GC (predominantly follicular) B-cell purities of Ն90% (Fig. 5A ). Cyclin D2 protein was not detected in GC or non-GC B cells; however, cyclin D3 was only detected in GC B cells (Fig. 5B) . To determine whether the lack of cyclin D2 protein in GC B cells was a result of transcriptional regulation, we performed semiquantitative RT-PCR on GC and non-GC B cells (Fig. 5C ). Both cyclin D2 and cyclin D3 transcripts were readily detected in non-GC cells. However, only cyclin D3 could be detected in GC B cells. These data suggest that in follicular B cells both cyclin D2 and cyclin D3 are translation- The presence of both cyclin D2 and cyclin D3 transcripts in follicular B cells and the absence of cyclin D2 transcripts in GC B cells suggests that GC B cells express a transcriptional repressor that is specific for cyclin D2. BCL6 is the most widely studied transcriptional repressor expressed in and required for GC formation. Recent studies have identified Ccnd2 as a bona fide target of BCL6 repression (3). Therefore, we hypothesized that BCL6 expression should mirror the requirement for cyclin D3 in the GC. We found that, whereas early GC cells slightly upregulated BCL6, full expression was only observed in mature GCs (Fig. 5D) . These data correlate with the lack of cyclin D2 expression in mature GCs and the requirement for cyclin D3 specifically at this stage.
Based on our observation that cyclin D3 transcripts were observed in both follicular and GC B cells, whereas cyclin D3 protein was only detected in GC cells, and previous reports showing that cyclin D3 was regulated by pre-BCR mediated The data shown represent at least two independent experiments with two to three animals per group. Graphs show means and SEM, along with the P value, as determined by using an unpaired t test.
inhibition of proteosomal degradation (7), we hypothesized that GC-specific signaling events promote cyclin D3 protein stability. The proteosomal degradation of D-type cyclins upon phosphorylation of a conserved threonine residue by GSK3␣/␤ has been previously reported (10) . In addition, phosphorylation of GSK3␣/␤ on serine 21/9 residues leads to reduced kinase activity (27) . We hypothesized that GSK3␣/␤ is phosphorylated and inactive in GC B cells, allowing for cyclin D3 protein accumulation. To test this hypothesis, we performed Western blot analysis on freshly isolated non-GC and GC B cells. More serine phosphorylated (S9) GSK3␤ was detected in GC B cells compared to non-GC B cells (Fig. 6A) , suggesting that GSK3␤ is less active in GCs. To further test the hypothesis that GSK3␤ is regulating cyclin D3 in B cells, we utilized the GSK3-specific inhibitor LiCl. LiCl treatment of cultured GC B cells, which lose cyclin D3 when cultured in medium alone, prevented the loss of cyclin D3 (Fig. 6B) . Similarly, treatment of non-GC B cells with LiCl resulted in enhanced cyclin D3 protein levels (Fig. 6C) . Therefore, we conclude that GSK3␣/␤ is active in follicular B cells, leading to cyclin D3 degradation and that GSK3␤ is phosphorylated and thereby inactivated in GC B cells, which is sufficient for cyclin D3 protein accumulation. Given our observation that GSK3␤ is phosphorylated in GC B cells, we sought to identify the kinases that act on GSK3␣/␤ to promote cyclin D3 stability. Several kinases, including but not limited to PKA, AKT, PKC, p90Rsk, and p70S6K, have been shown to be capable of phosphorylating GSK3␣/␤ in various cell types (27) . Since phosphatidylinositol 3-kinase (PI3K) signaling regulates pre-BCR-induced cyclin D3 stability (7) and is thought to be required for GC B-cell proliferation and maturation (40), we examined the effect of PI3K inhibition on cyclin D3 stability in GC B cells. Surprisingly, treatment with the PI3K chemical inhibitor LY294002 did not enhance degradation of cyclin D3 (Fig. 6B) . In contrast, inhibition of PKA, which is active in GCs and augments AID activity (25), with the chemical inhibitor H-89 resulted in a dramatic reduction in cyclin D3 protein (Fig. 6B) . This effect was blocked with LiCl treatment (Fig. 6B) , further supporting the hypothesis that PKA activity and inhibition of GSK3 results in cyclin D3 accumulation. To determine whether PKA activation is sufficient for preventing cyclin D3 degradation, we treated non-GC B cells with the cell-permeable cAMP analog N 6 ,2Ј-o-dibutyryladenosine 3Ј,5Ј-cyclic monophosphate (DB-cAMP), which is known to activate PKA, in the presence or absence of LiCl. As we predicted, DB-cAMP treated non-GC B cells showed increased cyclin D3 levels relative to untreated samples (Fig.  6D) , suggesting that activation of PKA by cAMP is sufficient for preventing cyclin D3 degradation. Taken together, these data support the hypothesis that factors in the GC microenvironment induce cAMP-PKA mediated phosphorylation and inactivation of GSK3, allowing for the sustained presence of cyclin D3 protein.
DISCUSSION
B cells responding to protein antigens recruit T-cell help to enable GC formation and the production of high-affinity memory B cells and antibody-producing cells. However, the subsequent stages of B-cell expansion, differentiation and selection that occur in the GC after initial T-cell encounter are poorly understood. In this report we identify cyclin D3 as the critical D-type cyclin driving B-cell proliferation in the germinal center, while cyclin D2 is dispensable for this process. The nature of this block in GC B-cell differentiation is outlined in Fig. 7 . In Ccnd3 Ϫ/Ϫ mice, some PNA ϩ (and CD95 ϩ ) B cells are generated and undergo initial activation and expansion, indicating that cyclin D2 and cyclin D3 have redundant roles at this stage. Interestingly, these B cells are competent to undergo class switch recombination and produce PCs secreting lowaffinity antigen-specific IgG. However, cyclin D3 expression becomes critical at a stage that is coincident with GL7 upregulation and IgD downregulation (Fig. 7) . Hence, very few PNA ϩ
GL7
ϩ IgD Ϫ mature GC B cells are generated, and those that are present fail to incorporate BrdU or show evidence of cell cycle progression. These defects culminate in a greatly impaired ability to generate an affinity-matured IgG response. Recent studies using two-photon imaging techniques have shown that GC B cells traffic back and forth between the light (FDC-rich) and dark (non-FDC) zones of the germinal center and that proliferation occurs during this process (2, 13, 31) . Although further analysis is required to substantiate GL7 as a marker for B cells undergoing affinity-based selection, GL7 could prove to be a useful marker to further our understanding of the specific processes of migration, proliferation, and affinity-based selection in vivo.
While the manuscript was under review, Peled et al. also reported a GC-specific defect in intact Ccnd3 Ϫ/Ϫ mice (26). Consistent with our findings, the authors found that primary IgG1 responses and affinity maturation were impaired in these mice; however, they also found that generation of high-affinity antibody normalized with repeated immunization. Based on our findings that the affinity-matured IgG response 14 days postimmunization is dramatically reduced in Ccnd3 Ϫ/Ϫ animals and that recruitment of cells into the GC is intact, while proliferative expansion of mature GC cells is reduced, it is possible that cyclin D3 is less crucial for the expansion of memory B cells and that repeated immunization draws more Ag-specific cells into the GC response.
Previous studies of Ccnd2 Ϫ/Ϫ mice revealed a requirement for cyclin D2 in B1 cells and proliferative responses to BCR cross-linking (16, 36) . Interestingly, responses to CD40L or LPS were unimpaired, suggesting a redundancy with cyclin D3 (16, 36) . More recent studies have focused on the roles of cyclin D2/D3 in early B-cell proliferation. In this case, a pre- dominant role for cyclin D3 was demonstrated for cytokine and pre-BCR-driven pro/pre-B cell expansion (7). However, loss of cyclin D3, but not cyclin D2, resulted in only a partial block at the pre-B cell stage, while the combined loss of cyclin D2 and cyclin D3 resulted in a complete block (7), again indicating some degree of redundancy. Unlike early B-cell differentiation, we demonstrated a completely nonredundant role for cyclin D3 in GC B-cell expansion. Although we readily detected both Ccnd2 and Ccnd3 transcripts in non-GC B cells, Ccnd3 expression could only be detected in GC B cells. The most likely explanation for this finding is the documented direct repression of Ccnd2, but not Ccnd3, expression by BCL6 (32) . Accordingly, we observed an increase in BCL6 expression in GC B cells, coinciding with a decrease in Ccnd2 transcripts. These findings and interpretations are consistent with the recent report by Peled et al., who showed that forced expression of BCL6 cannot rescue GC formation in Ccnd3 Ϫ/Ϫ mice (26). Thus, cyclin D2 and cyclin D3 contribute in a redundant fashion to promote early GC B-cell expansion. However, upon full upregulation of BCL-6 expression, cyclin D2 expression is abrogated, leaving cyclin D3 to sustain B-cell proliferation and enable the associated molecular events of class switch recombination and affinity maturation. Since BCL6 is not expressed in memory B cells (5, 15) , both cyclin D2 and D3 likely contribute to the initial expansion of memory B cells upon Ag re-encounter.
Although cyclin D2 expression appears to be regulated at the level of transcription in GC B cells, our results indicate that cyclin D3 expression is regulated posttranslationally. The proteosomal degradation of D-type cyclins upon phosphorylation of a conserved threonine residue by GSK3␣/␤ has been previously reported (10) . In addition, phosphorylation of GSK3␣/␤ on serine 21/9 (S21/9) residues is known to reduce kinase activity (27) . Consistent with this report, we observed increased S9 phosphorylated GSK3␤ in GC B cells relative to non-GC B cells, suggesting that GSK3␤ activity is reduced in GC B cells. In addition, treatment of unstimulated GC B cells with the GSK3 inhibitor LiCl prevented the loss of cyclin D3 protein.
Importantly, LiCl treatment of non-GC B cells led to the accumulation of cyclin D3 protein. Therefore, we conclude that GSK3␣/␤ is active in follicular B cells, leading to cyclin D3 degradation, and that GSK3␤ is phosphorylated and thereby inactivated in GC B cells, allowing the accumulation of cyclin D3 (Fig. 7) . PKA, among several other kinases, has been shown to phosphorylate GSK3 in a cAMP-dependent manner (11) . In addition, PKA has recently been shown to be active in GC B cells, where it was found to act on AID during class switch recombination (4). We observed that inhibition of PKA with the chemical inhibitor H-89 resulted in a dramatic reduction in cyclin D3 protein in GC B cells. Significantly, this effect was blocked by LiCl-mediated inhibition of GSK3. Conversely, treatment of non-GC B cells with the cell permeable cAMP analog DB-cAMP, which is known to activate PKA, increased (29) . Coupled with our and others findings that PI3K negatively regulates AID-dependent class switch recombination and somatic hypermutation (9, 24, 37) , one may speculate that PI3K signaling is attenuated during GC B-cell differentiation. Taken together, our data support the hypothesis that factors in the GC microenvironment induce cAMP-PKA-mediated phosphorylation and inactivation of GSK3, allowing for the sustained presence of cyclin D3 protein.
In summary, we have identified cyclin D3 as being uniquely required for proliferative expansion of mature GC B cells, demonstrating that the accumulation of cyclin D3 in GCs results from cAMP-PKA-mediated phosphorylation of GSK3␣/␤ and that inactivation of GSK3␣/␤ is required for these processes. In addition, we have shown that cyclin D2 is not expressed in GCs, a finding consistent with it being a target of repression by BCL6. The findings reported here are likely a representation of cyclin D2/D3 regulation and function in the differentiation of human GC B cells (30, 39) , which also express cyclin D3 exclusively. Cyclin D3 is also selectively upregulated in GC-derived Burkitt's lymphoma, follicular lymphoma, and some types of diffuse large B-cell lymphoma (30, 39) . This pattern of expression is contrasted by studies of B-cell chronic lymphocytic leukemia and lymphoplasmacytic lymphoma, which are more indolent tumors and have been reported to express high amounts of cyclin D2 but do not express cyclin D3 (8) .
